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We present a tuneable optical waveguide using dielectrophoretically controlled nanoparticles in
microfluidics. Silicon dioxide nanoparticles of different sizes in de-ionized water are channelled
through a microfluidic system. An array of microelectrodes generates the dielectrophoretic force to
funnel nanoparticles, forming narrowbands at the center of the microfluidics at different applied
voltages and frequencies. It is observed that these narrowbands either scatter or guide the coupled
light under selected conditions. The realization of such a system offers exciting possibilities for the
development of a new class of optofluidics, which are tuned by the positioning of nanoparticles on
demand. © 2010 American Institute of Physics. doi:10.1063/1.3358384
The integration of microfluidics and microphotonics al-
lows us to develop optical devices with characteristics of
fluids; fluid mobility and versatility, large ranges of index
modulation, and abrupt interfaces that can be easily
reshaped.1 The development of optical elements using mi-
crofluidics has been previously suggested.2–9 In particular,
the formation of microfluidic-based optical waveguides that
have liquid-core solid-cladding2,3,5 or liquid-core liquid-
cladding of two different refractive liquid indices7 have been
shown. In this paper, we will demonstrate the application of
suspended nanoparticles for the formation of optical
waveguides in microfluidics, using well-controlled electrical
forces.
Among the possible electric forces available for the ma-
nipulation of dielectric nanoparticles, the dielectrophoretic
DEP forces are very attractive and versatile. To date, DEP
systems have been used for the separation, filtration, and
permanent localization of micro/nanoparticles.10–12 However,
their ability to position nanoparticles for the formation of
suspended three-dimensional 3D objects has seldom been
presented. We will show that by using DEP forces, a varia-
tion in refractive index can be formed across a microchannel
by changing the suspended nanoparticles’ concentrations. In
our system, the DEP force is generated by using curved elec-
trodes to position and funnel the suspended nanoparticles
into a narrowband, in which particles are packed and in in-
timate contact. By coupling a laser light to this narrowband,
the scattering and guiding characteristics of light interacting
with the nanoparticles are analyzed. The advantages of de-
veloping such optomicrofluidic systems with nanoparticles
are numerous due to their great controllability. Suspended
nanoparticles in liquid can be brought into intimate contacts
with each other, while still remaining detached. This means
changeable functional 3D devices can be formed, tuned, and
when the task is finished the nanoparticles can be scattered,
ready for forming other 3D objects. The properties of the
optical waveguides can be adjusted by varying the DEP
forces.
In our experiments, silica particles of two following dis-
tinct radii have been used: 230 and 450 nm. We assessed
their behavior when suspended in de-ionized water with rela-
tive permittivity and conductivity of 78 and 210−4 S /m,
respectively. The 230 and 450 nm particles, with a relative
permittivity of 4.5 and a surface conductance of 0.3 and 0.45
nS/m, experience positive DEP forces at frequencies below
0.8 and 1 MHz, respectively.
The DEP platform was fabricated using photolitho-
graphic techniques12 with Au/Cr microelectrodes of dimen-
sions shown in Fig. 1. The microelectrodes array was 17 mm
long. A microfluidic channel of 500 mW100 mH
20 mmL dimension was developed using polydimethyl-
siloxane with optically smooth ends. The set-up of the ex-
periment is shown in Fig. 1. The optical source was a 1
mW—635 nm wavelength laser. The flow rate was set to
10 L /min in order to obtain reasonably rapid DEP re-
sponses. Response time depended on parameters such as mi-
crofluidics and electrodes dimensions and configurations as
well as the flow rate. For the parameters chosen in this paper,
the response time was between 3 to 15 s, depending on the
applied voltage and size of the particles. However, it is quite
possible to decrease this time by several orders of magnitude
via using different configurations13 or closed microfluidics
without any liquid flow.
aAuthor to whom correspondence should be addressed. Electronic ad-
dresses: kourosh.kalantar@rmit.edu.au and kourosh@mit.edu.
FIG. 1. Color online DEP curved design: a, b, and c electrode array,
curved electrodes, and dimensions of one pair, d schematic of the mea-
surement set-up.
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The distribution of electric field and DEP forces were
modeled using the Fluent software package Fluent, USA,
Lebanon, NH, as described in Ref. 11. Our modeling re-
vealed that the Erms reached a maximum of 2.6106 V /m
at the electrode tips. Figure 2 shows the distribution of DEP
forces at the two planes along the x-axis, considering the real
value of the Claussius–Mossoti CM factor for the spherical
particles as 0.45. The values of the DEP forces along the x,
y, and z-axes are given at different heights of z=10 and
40 m. The particles were levitated at the average heights
of z15–40 m after passing the first microelectrode pair
depending upon the magnitude of the ac signal. The DEP
forces were divided by r3 to make them independent from
the size of the particles. The DEP-y force was the dominant
force in pushing the particles toward/off the sidewalls. At
z=10 m, the polarity of the DEP-y varied along the y-axis.
The particles, moving at the left side of the microelectrode,
were pushed toward the centerline while the particles mov-
ing at the right side of the microelectrode, were pushed to-
ward the sidewalls Figs. 2b and 2d. At z=40 m, the
DEP-y force became much smoother and pushed all the par-
ticles toward the sidewalls Figs. 2c and 2e. Finally, the
DEP-z force was upward all across the microchannel and
could levitate the particles against the sedimentation force
interaction of weight and buoyancy Figs. 2b–2e. Ap-
plying a proper ac signal was crucial to focus the particles
along the centerline, at low-magnitude signals particles were
not affected efficiently, while at very large-magnitude sig-
nals, they were levitated and repelled toward the sidewalls
rather than being focused. The analysis of the DEP force
effect on the particles’ flow has been presented in the
“supplement.”14
A series of experiments were conducted using 230 and
450 nm particles by changing the applied voltage and fre-
quency in order to study the effect of these parameters in
establishing and tuning the optical waveguide. The DEP
force was insignificant for amplitudes of less than 5 V and
could not form the narrowband. The effects of negative and
positive DEP forces are shown in Fig. 3. While a low fre-
quency of 250 kHz trapped the particles, frequencies above 1
MHz produced the narrowband consistent with the calculated
CM factor magnitude. At 5 MHz, after the formation of the
narrowbands, light source was coupled. The narrowband
made of 450 nm particles appeared illuminated, due to the
scattering effect of large particles, while most of the light
was guided by the 230 nm particles and looked much darker.
At 250 kHz the particles were trapped between the electrodes
(a) (b)
(c) (d)
FIG. 3. DEP manipulation of silica nanoparticles at constant flow rate of
10 l /min and ac potential of 15 V. Frequencies of a 250 kHz, b 5 MHz
for 450 nm, c 250 kHz, and d 5 MHz for 230 nm particles.
(c)(b)(a)
(d) (e) (f)
FIG. 4. Color online Output profile observed for 230 nm silica nanopar-
ticles at a 0 V, b 10 V, c 15 V, and for 450 nm particles at d 0 V e
10 V, and f 15 V. The right corner deviation from the scattering and
waveguiding effect is due to the deviation caused by the narrowband flow-
ing toward the output reservoir.
(a)
(b)
(c)
(d)
(e)
FIG. 2. Color online Variations in
the DEP forces at different locations of
the microchannel.
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to form concave configurations, not permitting the light
through, hence a dark appearance.
The output optical profiles were investigated using dif-
ferent particles at various applied ac potentials Fig. 4. By
increasing the voltage to 15 V, the waveguiding for 230 nm
particles and scattering for 450 nm particles effects were
observed. As the voltage was increased, the width of the
narrowband decreased, consequently increasing the intensity
of light in the middle of the profile for the 230 nm hence the
brighter center appearance, and conversely focused scatter-
ing into the center for the 450 nm particles hence the darker
center appearance. Figure 5a shows the ratio of the core’s
light intensity to the intensity of a spot in the middle of the
optical profile between the center and the wall called
cladding point for simplicity, as a function of the applied
voltage.
The scattering of light is proportional to the diameters of
particles, as predicted form Rayleigh and Mie scattering
theory. Considering the coupled light with light=632 nm,
the scattering efficiency of light is for different size particles
is shown in Fig. 5b.15 The scattering and waveguiding can
be attributed to the spacing between particles. When they are
in intimate contacts and are tightly packed, the effective
separation between the particles, rather than the particles
themselves, causes the scattering. The particles were dis-
persed in water with the volume fraction of 4%. Referring to
Fig. 4, considering that the width of the narrowband is less
than 50 m at 15 V and that the length of the microfluidic
channel is 500 m, the concentration of the particles can be
increased to over 40%. It confirms the assumption that many
particles are touching after applying the DEP force. For the
230 nm, this separation is approximately comparable to the
effect of a spherical nanoparticle with diameters of 120 nm.
However, for the 450 nm particles, this virtual sphere has the
diameter of 235 nm. Considering a quarter of the wavelength
scattering effect, this approximation explains why the 635
nm laser light was guided by the narrowband of 230 nm
particles but scattered by the 450 nm particles.
Further investigation of nanoparticles with various semi-
conducting and optical properties is suggested as well as the
study of system responses at different wavelengths. The
availability of a variety of micro, submicro, and nanosized
particles of different types of materials will allow us to form
optofluidic systems with unique optical scattering and guid-
ing properties. Additionally, different DEP pattern geom-
etries are suggested and these systems may be employed for
the development of the next generation of tuneable optical
devices. By using dielectrophoretically controlled particles
and the right configuration of electrodes optical devices such
as waveguides, tuneable couplers, multiplexers, isolators,
Bragg gratings, lenses, switches, and polarizers. In addition
to inert particles such as SiO2, particles with distinct photo-
luminescence properties with band gap with the advantage
that photoluminescence change with their dimensions. Our
DEP optofluidics flexibility also provides possibilities in
mixing and placing such nanoparticles to form fluorescence
type lasers, optical crystals, and photodiodes in dielectro-
phoretically controlled microfluidics.
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FIG. 5. Color online a Ratio of
core to cladding intensity as a function
of the applied voltage for the two in-
tersections shown in the inset. b The
variations in scattering efficiency vs
diameter of silica particles.
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